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Abstract The sources and distribution of tropospheric nitrous acid (HONO) were examined using airborne
measurements over the Southeast U.S. during the Southeast Nexus Experiment in June and July 2013. HONO
was measured once per second using a chemical ionization mass spectrometer on the NOAA WP-3D aircraft
to assess sources that affect HONO abundance throughout the planetary boundary layer (PBL). The aircraft
flew at altitudes between 0.12 and 6.4 kmabove ground level on 18 research flights that were conducted
both day and night, sampling emissions from urban and power plant sources that were transported in the
PBL. At night, HONO mixing ratios were greatest in plumes from agricultural burning, where they exceeded
4 ppbv and accounted for 2–14% of the reactive nitrogen emitted by the fires. The HONO to carbon
monoxide ratio in these plumes from flaming stage fires ranged from 0.13 to 0.52%. Direct HONO emissions
from coal-fired power plants were quantified using measurements at night, when HONO loss by photolysis
was absent. These direct emissions were often correlated with total reactive nitrogen with enhancement
ratios that ranged from 0 to 0.4%. HONO enhancements in power plant plumes measured during the day
were compared with a Lagrangian plume dispersion model, showing that HONO produced solely from the
gas phase reaction of OH with NO explained the observations. Outside of recently emitted plumes from
known combustion sources, HONOmixing ratios measured several hundred meters above ground level were
indistinguishable from zero within the 15 parts per trillion by volume measurement uncertainty. The results
reported here do not support the existence of a ubiquitous unknown HONO source that produces significant
HONO concentrations in the lower troposphere.

1. Introduction

Photolysis of nitrous acid (HONO) produces OH radicals that are important oxidation agents in atmospheric
chemistry. At night, HONO acts as a radical reservoir and affects photochemistry after sunrise by dissociating
to form OH and NO. OH from HONO photolysis can promote VOC oxidation, which leads to ozone formation
in the presence of NOx (NO+NO2). Although atmospheric HONO has been measured for several decades
[Perner and Platt, 1979], sources of HONO to the atmosphere remain uncertain [e.g., Stutz et al., 2002;
Kleffmann, 2007; Zhou et al., 2011; Li et al., 2014; VandenBoer et al., 2015;Gall et al., 2016]. HONO sources include
direct emission from combustion [Kirchstetter et al., 1996; Kurtenbach et al., 2001; Stutz et al., 2002;Wood et al.,
2008; Jurkat et al., 2011; Burling et al., 2011] and soils [Oswald et al., 2013], formation by gas phase reaction of
OH and NO [Calvert et al., 1994], and production by surface reaction of nitrogen-containing compounds [e.g.,
Stutz et al., 2004; Stemmler et al., 2006; Kleffmann, 2007; Zhou et al., 2011; VandenBoer et al., 2013; Baergen et al.,
2015]. During the day, rapid photolysis (11min lifetime for solar zenith angle< 20°) [Stockwell and Calvert,
1978] limitsHONOmixingratios.Thecombinationofsourcesat thesurfaceandrapidphotolytic loss in theatmo-
sphere often results in strongdaytimeHONOvertical gradients [Kleffmann, 2007; Zhang et al., 2009;Wong et al.,
2012; Young et al., 2012;VandenBoer et al., 2013].Many studies have reported such large daytimeHONOmixing
ratios that they invokedunknownHONOsources to explain theobservations [e.g.,Kleffmannet al., 2003; Li et al.,
2014;Gall et al., 2016].Atnight, reduced losses combinedwithongoingcombustionandproductiononsurfaces
allowHONO to accumulate in the atmosphere [Lammel and Cape, 1996; Stutz et al., 2004].

HONOnear ground level has been studied inmany locations and seasons, but there have been very few inves-
tigations that examine HONO distributions throughout the troposphere [Zhang et al., 2009; Li et al., 2014].
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Measurements from aircraft flying hundreds of meters above the ground highlight the influence of HONO
sources that affect the full depth of the planetary boundary layer (PBL) but cannot probe the near-surface layer
where HONO mixing ratios are expected to be at a maximum. In this study, an instrumented aircraft flew in
close proximity to urban areas and point sources to directly sample emissions from individual sources and
quantify their contribution to atmospheric HONO abundance.

2. Experiment

Instruments aboard the NOAAWP-3D aircraft platform sampled the lower troposphere in June and July 2013
to study air quality and climate as part of the Southeast Nexus Experiment (SENEX, http://www.esrl.noaa.gov/
csd/projects/senex/), which was under the umbrella of the Southeast Atmosphere Study. Anthropogenic
emissions and the resulting secondary product formation were studied by targeting plumes from power
plants, urban areas, industrial sources, and regions with extensive oil and natural gas extraction. In situ
measurements were obtained on 16 research flights that originated in Smyrna, Tennessee, and 2 transit
flights between Smyrna and Tampa, Florida. Flights averaged 6.5 h in duration, and were conducted during
both day (14 flights) and night (4 flights). The aircraft usually flew in the PBL at 0.5–0.6 kmabove ground level
(agl), with occasional vertical profiles that typically reached 5 km altitude and with a maximum altitude
of 6.4 km. During the daytime flights, the aircraft ordinarily stayed above 0.4 kmagl, while the night
flights included several descents to 0.12 kmagl in order to probe the nocturnal boundary layer. Most daytime
flights were conducted from 10A.M. to 5:30 P.M. central daylight time (CDT). The three nighttime flights
analyzed here were conducted from 8P.M. to 3 A.M. CDT (two flights) and 5:30 P.M. to 11:30 P.M. CDT.
Flight locations, sampling strategy, and aircraft payload are further described by Warneke et al. [2016].
Since no aircraft measurements were conducted between 3 and 9A.M. CDT, emissions and photochemistry
during morning peak vehicle traffic and the HONO buildup before sunrise [e.g., Czader et al., 2012] are not
directly investigated here.

2.1. Trace Gas Detection With a Chemical Ionization Mass Spectrometer

HONO was measured by chemical ionization mass spectrometry (CIMS) using an airborne quadrupole mass
spectrometer previously used to measure atmospheric nitric acid (HNO3) [Neuman et al., 2002] and halogens
[Neuman et al., 2010] from the NOAA WP-3D. Air was brought into the instrument through a 70 cm long
Teflon line (0.64 cm ID, heated to 40°C). The total inlet flow was approximately 8 standard liters per min
(sLpm), of which 1.9 L/min passed through an orifice into a reduced pressure (27 hPa) flow tube where the
air was mixed with reagent ions. Reagent ions clustered with gas phase molecules to form unique product
ions. These ions then went through an orifice into a chamber at 4 × 10�4 torr, where lenses guided ions
toward the detector. The mean free path in this region was greater than 12 cm to reduce collisional dissocia-
tion and preserve these ion clusters in the quadrupole mass spectrometer that filtered ions according to their
charge to mass ratio.

The reagent ions used during SENEX were negatively charged iodide (I�) and its water cluster (I�•H2O), which
were made by flowing 1 cm3min�1 STP of 1010 ppmv methyl iodide in 2 sLpm nitrogen (N2) though a radio-
active 210Po ion source. Detection sensitivity depends on water abundance in the ion-molecule reaction
region [Neuman et al., 2010; Lee et al., 2014], because reaction rates with I� and I�•H2O differ. Water was
added to the flow tube to control the clustering of water with the I� reagent ions and to prevent sensitivity
fluctuations with changing water concentration in flight. A 10 cm3min�1 STP flow of N2 was bubbled through
deionized water and added to the flow tube to maintain I�•H2O abundance in the drier atmosphere above
the boundary layer. The ratio of I�•H2O to I� reagent ion signals averaged 1.7 ± 0.2 over an entire flight
and did not depend strongly on ambient humidity. The second water cluster, I�•(H2O)2, was typically one
fourth as abundant as either I� or I�•H2O. The product ions also clustered with water (e.g., I�•HONO•H2O).
For the humidity and analyzer conditions reported here, the unhydrated product ions (e.g., I�•HONO) were
at least an order of magnitude more abundant than any of their water clusters. A 6 cm3min�1 STP flow of
ammonia was added to the flow tube to reduce signals by suppressing desorption of acidic species from
instrument surfaces [Neuman et al., 2002].

Detecting atmospheric gas phase species using I� clusters, rather than core ions that could originate from
fragmentation of several parent ions, reduces the possibility for interferences. I� is naturally monoisotopic
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with amass of 127 atomic mass units (amu). During the SENEX study, gas phase formic acid (HCOOH, 46 amu),
HONO (47 amu), and nitric acid (HNO3, 63 amu) were measured using the cluster ions at 173 (127 + 46) amu,
174 (127 + 47) amu, and 190 (127 + 63) amu, respectively. The mass spectrometer was tuned to resolve ions
separated by 1 amu. Mass peaks had a full width at half maximum of 0.7 amu, and ion signals decreased
by over 3 orders of magnitude 1 amu from the center of each mass peak. Each compound was measured
once per second by integrating signals at each mass for a fraction of a second in a repeating sequence with
a 1 s period. I� and I�•H2O signals at 127 and 145 amu used for diagnostic purposes were measured for 50ms
each, and signals at each of the three ion cluster masses were measured for 200–350ms each second.

In-flight instrument diagnostics included periodic mass scans from 100 to 250 amu to assess the stability of
the mass spectrometer and ion chemistry, as well as in-flight instrument zeros and calibrations. A pneumati-
cally actuated Teflon valve located 4 cm from the inlet tip enabled switching between directly sampling
ambient air and diverting the sample flow through a scrubber containing activated charcoal that removed
HCOOH, HONO, and HNO3. Scrubbed ambient air was sampled for 90 s every 0.5 h to quantify the instrument
background signal. Interpolating between these instrument background determinations gave a background
contribution to the signal at each mass. This background was subtracted from the total signal to derive the
signal from ambient air alone. Background variability that was not captured by the periodic background
determinations contributed to the measurement uncertainty for each species (discussed below).

Signals were converted to mixing ratios using the instrument response to calibrated gas standards. A contin-
uous 50 cm3min�1 STP N2 flow through temperature-controlled ovens containing either HCOOH or HNO3

permeation tubes was periodically admitted into the inlet for 90 s through a port located 7 cm from the inlet
tip. HCOOH or HNO3 calibrations were performed approximately 10 times every flight. The HCOOH permea-
tion tube emission was determined in the laboratory by catalytic oxidation to CO2 followed by CO2 detection
[Veres et al., 2010a] before and after the field campaign. The HNO3 permeation tube output was measured by
optical absorption at 185 nm and was monitored continuously on the ground between flights [Neuman et al.,
2003]. The HCOOH calibration mixing ratio in the inlet was 3.6 ppbv, and the HNO3 calibration mixing ratio
was 1.1 ppbv. Following the removal of the calibration gases, both HNO3 and HCOOH signals decayed with
an e-folding time of approximately 1 s, demonstrating that the instrument had a 1 s time response for these
species. Calibrations were performed in both ambient air and in scrubbed ambient air, and detection sensi-
tivity and the reagent ion signals were the same in both. HONO calibration was performed in the laboratory
prior to the study, using HONO produced by reacting gas phase HCl with a humidified bed of solid NaNO2

[Roberts et al., 2010]. Humidifying the flow tube decreased HONO sensitivity and increased HNO3 and
HCOOH sensitivities. This indicates that HONO more favorably clustered with I�, while HNO3 and HCOOH
reacted preferentially with I�•H2O.

2.2. Measurement Uncertainties

Atmospheric HONO measurement is susceptible to artifacts introduced by the gas sampling system and
detector [e.g., Roberts et al., 2010], and potential interferences must be addressed to guarantee reliable
HONO data [Kleffmann andWiesen, 2008]. Positive interferences can originate in the CIMS if product ions used
for HONO detection also originate from reactions with other compounds. The CIMS technique employed here
does not use collisional dissociation but rather detects cluster ions. Consequently, these measurements are
not compromised by the formation of nitrite ions in the flow tube from other reactions, which can compro-
mise CIMS measurements of HONO [Roberts et al., 2010]. The small contribution to the HONO signal from an
isotope of HCOOH is accounted for here. HCOOH isotopes (primarily from 13C) contribute 1.1% of the
I�•HCOOH signal at 173 amu to mass 174 amu used for HONO detection. By quantifying HCOOH, the signal
at 174 amu was corrected for the HCOOH contribution before determining HONO mixing ratios. This correc-
tion was successful, as demonstrated by the response of the HONO signals during in-flight HCOOH calibra-
tions. The corrected signal at 174 amu corresponding to HONO was unchanged during 3.6 ppbv HCOOH
calibration additions.

Positive interferences can also come from NO2 conversion on humid surfaces to form HONO [Kleffmann and
Wiesen, 2008], but the instrument conditions here reduce this interference. The ammonia added to the flow
tube to suppress HNO3 desorption from instrument surfaces [Neuman et al., 2002] also suppresses HONO
desorption. Ambient data further indicate that HONO measured here is not formed from conversion of
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NO2 on inlet surfaces, since many plumes were sampled with tens of ppbv NO2 and no detectable (<15 parts
per trillion by volume (pptv)) HONO. Laboratory tests with NO2 also demonstrated that NO2 did not interfere
with the HONO measurements. The instrument was tested and found to be insensitive to ethanol and NO2,
which could also cause interferences to HCOOH detection if they clustered with I� since they have the same
unit mass as HCOOH. Laboratory tests showed no response to the HCOOH and HONO signals from the
addition of ethanol and NO2 at ppmv levels that are much greater than typical ambient mixing ratios encoun-
tered in flight. Further, there was no change in the HCOOH signal at 173 amu when the aircraft sampled
power plant plumes with tens of ppbv of NO2.

Negative artifacts may arise if the reaction of NO2 and water on surfaces in the charcoal scrubber produced
and released HONO, which would spuriously increase the measured instrument background. The in-flight
background measurements demonstrated that the scrubber did not bias the measurements by releasing
HONO. Although there is some variability in the HONO background, the background levels did not vary with
NO2, even during background determinations performed in fire and power plant plumes with tens of ppbv of
NO2. Further, the HONO signal throughout each background determination was constant and without a spike
at the background initiation, showing that HONO did not accumulate in the scrubber during half hour peri-
ods without flow.

Uncertainties were determined from the calibration response, instrument background variability, and mea-
surement precision. Averaging data for longer periods improves the measurement precision, but it does
not reduce inaccuracies caused by instrument background and calibration uncertainties. For HONO, the
sensitivity was 1 ion count/s/pptv and the equivalent instrument background was 160 ± 30 pptv. The 1σ
measurement precision for 1 s data was 25 pptv, and the accuracy was ± (40%+ 30pptv), where the first term
was derived from laboratory calibrations and the second was the in-flight background variability. The sum (in
quadrature) of the background uncertainty and imprecision gives a 40 pptv detection limit (1σ) for 1 s data.
Averaging the 1 s data for periods greater than the 30min interval between successive background determi-
nations can improve the detection limit to 15 pptv (section 4.3). For HCOOH and HNO3, detection sensitivities
were typically 1.8 and 2.5 ion counts/s/pptv, respectively. The instrument background for HCOOH was 600
± 120 pptv, the 1σ precision was 40 pptv for 1 s data, and the accuracy was ± (20%+ 120 pptv). The instrument
background for HNO3 was 400± 50 pptv, the 1σ precision was 25 pptv, and the accuracy was ± (20%
+50 pptv). The 20% HCOOH and HNO3 measurement uncertainties were determined by the variability in
the instrument response to in-flight calibrations.

Additional measurements were used to analyze and interpret the HONO observations. Most instruments
reported data once per second, and the WP-3D flew at 0.1 km s�1. NO, NO2, and NOy (= NO+NO2 +HNO3

+PAN,…) mixing ratios were measured using ozone-induced chemiluminescence of NO. NO2 was measured
with 5% uncertainty [Pollack et al., 2011] by first photolyzing atmospheric NO2 to NO. The sum of gas phase
reactive nitrogen species, NOy, was measured with 10% uncertainty by reducing reactive nitrogen to NO on a
gold converter at 300°C. The 1 s measurements of CO were performed with 5% uncertainty and 1 ppbv
precision using a vacuum ultraviolet fluorescence instrument [Holloway et al., 2000]. SO2 was measured once
per second with 20% uncertainty using ultraviolet pulsed fluorescence.

3. Results

HONO mixing ratios larger than the detection limit were observed in plumes from several combustion
sources. HONO emissions are quantified using nighttime measurements, and photochemical HONO produc-
tion is examined using daytime measurements.

3.1. Fire Plumes Sampled at Night

HONOemissions fromfireswerequantifiedusingnighttimemeasurements,whenHONO lossbyphotolysiswas
absent. During the SENEX study, the largest HONO mixing ratios were observed after sunset from 8:30 P.M.
to 11:30 P.M. CDT on 2 July 2013 in plumes from agricultural fires. These fires were characterized by flaming
combustion rather than smoldering, as indicated by CO to CO2 enhancement ratios that were less than 0.8%
and modified combustion efficiencies [Yokelson et al., 2007] that ranged from 0.92 to 0.96. In these plumes,
HONOmixing ratios exceeded 4 ppbv and were strongly correlated with other direct fire emissions, including
CO and NOy (Figure 1). The enhancement ratio of HONO to CO (HONO:CO) in the fire plumes was determined
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using linear least squares fits of 1 smeasurements in individual plumes. Inmore than20 individual plume trans-
ects on this flight, the HONO:CO varied from 0.13 to 0.52% and averaged 0.24 ± 0.04%, where the uncertainty
represents one standard deviation of the mean. As an example, 1 s measurements of HONO and CO in four
plumes are shown in Figure 2, where HONO:CO varied from 0.16% (green circles) to 0.27% (red circles). These
findings are consistent with laboratory and field studies that sampled fire emissions from Southeastern U.S.
and pine fuels, where the flaming stage HONO:CO ranged from approximately 0.2–0.5% [Yokelson et al.,
2007; Veres et al., 2010b; Akagi et al., 2011; Burling et al., 2011;Müller et al., 2016].

The enhancement ratio of other fire emissions also varied between plume transects. For example, the
enhancement ratio of NOy to CO in these fire plumes measured at night ranged from 1.5 to 5%. The relation-
ship between HONO and other reactive nitrogen compounds was even more variable than that between
HONO and CO. Reactive nitrogen emissions are examined relative to NOy, since NOy is conserved with respect
to NOx oxidation on short (hours) time scales. In these plumes, NOx accounted for over 80% of NOy. The

Figure 1. The 1 s measurements of HONO (red), CO (black), and NOy (green) in agricultural fire plumes sampled at night.
The aircraft flew at an altitude between 0.6 and 0.8 km agl over western Tennessee on 3 July 2013. The dashed line is at
zero for the left and right axes.

Figure 2. The 1 s measurements of HONO versus CO measured at night. The gray circles are all measurements from the
flight that was conducted from 8 P.M. to 3 A.M. CDT on 2–3 July 2013. The colored circles were measured in the four
spatially distinct fire plumes shown in Figure 1, with the time of each plume encounter shown in the legend.
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HONO to NOy enhancement ratio (HONO:NOy, also determined using linear least squares fits of 1 s data in
each plume) varied from 2 to 14% and was usually within the range of reported HONO to NOx fire emission
ratios measured from the air of 7.7–22% [Burling et al., 2011].

HONO mixing ratios in some fire plumes were greater than the HONO detection limit of an onboard broad-
band cavity enhanced absorption spectrometer [Min et al., 2016] used primarily for glyoxal and NO2 detec-
tion. This instrument measured HONO with 9% accuracy and 350 pptv precision for 5 s data. In fire plumes
where HONO exceeded 1 ppbv, the two HONO measurements agreed within their combined uncertainties
(~50%), with the broadband cavity enhanced absorption spectrometer values about 25% larger than those
reported by the CIMS. The agreement between independent instruments and with previous fire studies indi-
cates that HONO was measured accurately.

3.2. Fire Plumes Sampled During Daytime

HONO was also measured in several fire plumes during the day, when the enhancement ratios of directly
emitted compounds other than HONO were similar to those measured at night. But photolysis reduced
HONO mixing ratios, resulting in substantially lower HONO:CO. For example, a fire plume measured during
the day on 25 June 2013 had COmixing ratios over 500 ppbv and a NOy to CO enhancement ratio of 1%, simi-
lar to the fire plumes observed at night. In the daytime fire plumes, HONO:CO was approximately one tenth
the ratio observed at night, consistent with HONO loss by photolysis. Since there were many of these small
agricultural fires and their locations were not precisely known, plume age and HONO production and loss
rates could not be determined reliably for these daytime plumes. However, the substantial decrease in
HONO relative to CO during the day demonstrates qualitatively that HONO photolysis was far faster than
any potential HONO formation in fire plumes. The contrast between day and night measurements of
HONO in fire plumes illustrates the value of quantifying HONO emissions ratios at night, when HONO is
not photolyzed and emissions ratios are preserved over longer times.

3.3. Power Plant Plumes Sampled at Night

During SENEX, the aircraft sampled emissions frommany electricity-generating power plants throughout the
Southeast U.S. [Warneke et al., 2016]. Emissions from these facilities provide an opportunity to examine HONO
emissions and formation from large and well-characterized NOx sources. At night, significant HONO enhance-
ments were observed in some power plant plumes. Figure 3 shows measurements from two night flights
conducted between 8 P.M. and 3A.M. CDT on 1–3 July 2013, with measurements in plumes from the New
Madrid, White Bluff, and Gaston power plants highlighted. These power plants burn coal as their primary fuel,
generate 1.2–1.9 GW of electricity, and have stack heights between 230 and 305m. Multiple crosswind plume
transects were performed at altitudes ranging from 0.5 to 1.2 kmagl. Nighttime winds varied considerably
with altitude and ranged from 2 to 10m s�1 during the plume measurements shown here. Multiple transects
of the plume from the New Madrid power plant, located in southeast Missouri, were performed 20–50 km
downwind from 9 to 11 P.M. CDT on 2 July 2013. Emissions from the White Bluff power plant, located in
central Arkansas, were sampled 26–115 km downwind later in the evening on the same flight, between
12:30 and 1:37 A.M. CDT on 3 July 2013. HONO:NOy was 0.23% in the White Bluff and 0.18% in the New
Madrid plumes (Figure 3). When NOy was greater than 20 ppbv in the plumes, NOy was predominately NOx

(NOx/NOy> 85%), and HONO to NOx enhancement ratios (HONO:NOx) were similar to HONO:NOy. In the
concentrated plumes, the partitioning of NOx between NO and NO2 varied, and HONO was better correlated
with NOx than with either NO or NO2. The plume from the Gaston power plant in central Alabama was
sampled on many flights, and the measurements from 10 P.M. to midnight CDT on 1–2 July 2013 are shown
in Figure 3. Compared to the New Madrid and White Bluff power plants, HONO emissions from Gaston were
a factor of 3–4 lower, with HONO:NOy=0.06%. Several other power plants did not emit detectable HONO
concentrations.

A summary of HONO:NOymeasured in 20 transects of plumes from five different power plants on three night
flights is shown in Figure 4. Only concentrated plumes with CO2 and NOy enhancements at least five times
the background variability were included in the analysis (CO2 enhancements greater than 5 ppmv and NOy

enhancements greater than 4 ppbv), and the source of each power plant plume was clearly identified using
wind direction and location. HONO:NOy measured at night ranged from 0 to 0.4% and did not correlate with
NOx partitioning or transport time. The lack of dependence on plume age indicates that HONO was directly
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emitted and not formed or lost during plume transport at night. This finding is consistent with previous work
that has demonstrated that small NO2 uptake coefficients [Kurtenbach et al., 2001] results in negligible HONO
production from heterogeneous reactions of NO2 on aerosol [Stemmler et al., 2007; VandenBoer et al., 2013].
Further, nighttime observations with varying NOx partitioning demonstrate that HONO enhancements in
power plant plumes were from direct emissions.

3.4. Power Plant Plumes Sampled During Daytime

HONO enhancements in power plant plumes were also observed during the day, with HONO and NOx

strongly correlated. Figure 5 shows measurements during a daytime flight over and downwind of Atlanta,
Georgia, where the largest HONO enhancements were in plumes from coal-burning electricity-generating

Figure 4. HONO:NOy in 20 distinct power plant plumes measured at night.

Figure 3. Measurements of HONO versus NOy, averaged for 10 s. The gray circles were measured during the entire night
flight over Arkansas and Tennessee shown in Figure 2. The HONO axis is expanded compared to Figure 2 to highlight
the lower mixing ratios in power plant plumes, and many of the fire plume values are off scale. The red circles were
measured in plumes from the NewMadrid power plant, and the blue circles in plumes from the White Bluff power plant on
2–3 July 2013. The green circles were measured between 10 P.M. CDT and midnight on 1–2 July 2013 in plumes from the
Gaston power plant. The red line is a linear least squares fit to the New Madrid plume measurements and has a slope of
0.18%. The dashed line is the ordinate zero.
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power plants. Measurements in the closest two crosswind transects of the Harllee Branch power plant plume
and the closest transect of the Scherer power plant plume are highlighted in Figure 5. The 1.54 GW Harllee
Branch plant and the 3.52 GW Scherer plant, which was the sixth largest power plant in the U.S. in 2012 by
net power generation, exhaust gas through 300m stacks. HONO:NOy was 0.25% in these plumes that were
sampled 0.5–1 h after emission (Figure 5). Plume dilution rapidly reduced the atmospheric concentration
of emitted compounds, rendering a detailed analysis of HONO production and loss rates unfeasible. For
example, NOx and SO2 enhancements in the Harllee Branch power plant plume were diluted by a factor of
8 between the first transect 8 km downwind and the next transect 23 km downwind. Rapid dilution and loss
reduced HONO to levels near its detection limit so that HONO photochemistry as a function of time since
emission could not be studied reliably for a single plume. Since these plumes were sampled downwind after
transport over several HONO photolysis lifetimes, the daytime measurements are not used to assess direct
HONO emissions.

3.5. Urban and Rural Regions Sampled at Night

Several flights sampled atmospheric emissions and subsequent processing from urban areas, including
Atlanta, Birmingham, Indianapolis, and St. Louis. The aircraft sampled the PBL upwind and over these urban
areas and performed multiple crosswind transects of urban plumes at different distances downwind. Urban
plumes were measured both day and night, and plumes from Atlanta and Birmingham were sampled on
multiple flights. The nighttime Atlanta urban plume was sampled at 10:45 P.M. EDT (local time), on 19
June, when sunset in Atlanta was 8:51 P.M. EDT. The plume was intercepted 60 km WSW of Atlanta at
0.6 kmagl, where winds were from the direction of Atlanta (ENE at 8.5m s�1). Enhancement ratios of several
compounds were indicative of the Atlanta urban source. The CO to NOy enhancement ratio was approxi-
mately 4, consistent with an urban source dominated by vehicle emissions [Parrish, 2006]. Fire and power
plant sources can be ruled out based upon the enhancement ratios of CO and SO2 to NOy. Figure 6 shows
10 s average measurements of HONO and NOy for the entire flight conducted from 6:30 P.M. to 12:30 A.M.
EDT on 19–20 June 2013. In the Atlanta plume, shown as red circles in Figure 6, HONO reached 200 pptv
and was correlated with NOy with a slope of 0.9%. The ratio is slightly larger than HONO:NOx=0.3–0.8%
reported for direct emissions from vehicles [Kirchstetter et al., 1996; Kurtenbach et al., 2001; Stutz et al.,
2002]. For most of the rest of this night flight near Atlanta, NOy was <5 ppbv and 10 s HONO averaged
�2± 17 pptv. Figure 6 also includes measurements in plumes from coal-fired power plants near Atlanta,
where HONO enhancements were small.

Figure 5. The 10 s averages of HONO versus NOy on 16 June 2013 during a daytime flight in the vicinity of Atlanta, Georgia.
The red circles were measured in two crosswind plume transects located 8 and 23 km downwind from the Harllee Branch
power plant. The black squares were measured in a plume transect 22 km downwind from the Scherer power plant. The
green triangles were measured downwind from a paper mill. The red line is a linear least squares fit to measurements in the
Harllee Branch power plant plume and has a slope of 0.25%.
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3.6. Urban and Rural Regions Sampled During Daytime

In urban plumes, mixing ratios of HONO and other reactive nitrogen species were small compared to plumes
from point sources. The flight on 16 June 2013, which was conducted between 11:16 A.M. and 5:48 P.M. EDT
upwind and downwind of Atlanta, and also sampled emissions from several power plants in Georgia, repre-
sents typical conditions encountered in these daytime urban plume studies. Measurements of HONO and
NOy for this entire daytime flight are shown in Figure 5, using 10 s averages of the 1 s data. Most of the flight
was conducted between 0.4 and 0.7 kmagl, with three vertical profiles to 3 km altitude and 20min transits
between Tennessee and Georgia conducted between 3 and 5 km altitude. In the PBL over Atlanta and up
to 50 km downwind, NOx was ~ 3 ppbv, with higher concentrations in spatially compact plumes sampled
within several kilometers downwind from power plants. Upwind of Atlanta and in Atlanta plume transects
more than 50 km downwind, NOx was 0.2–0.5 ppbv. HONO averaged 2 ± 18 pptv for 10 s averages (gray
circles in Figure 5) for the entire flight, exclusive of the plumes from point sources highlighted in Figure 5.
Similarly, HONO mixing ratios were below the detection limit in the PBL during other daytime flights in the
vicinity of urban areas. Over rural areas, reactive nitrogen mixing ratios were even smaller, and HONO
remained below the detection limit. For example, reactive nitrogen mixing ratios in the PBL upwind of
Atlanta and outside of the power plant plumes shown in Figure 5 were low, with NO= 23± 12 pptv,
NO2 = 190 ± 68 pptv, HNO3 = 296± 41 pptv, and HONO=�4± 11 pptv, where the mixing ratios are the
averages during a 12min period and the standard deviation about the means are determined for 10 s
averaged data.

HONO mixing ratios were greater than background values in plumes from other industrial facilities sampled
during both day and night, including paper mills and cement plants, with HONO:NOy that ranged from 0.1 to
0.4%. For example, the green triangles in Figure 5 are from measurements downwind from a paper mill
located in Macon, Georgia, where HONO:NOy was similar to that in the power plant plumes. In plumes from
industrial facilities that were not large NOx emitters, HONO increases were not observed. For example, over
100 ppbv enhancements in CO mixing ratios were observed in plumes from a steel plant near Birmingham,
Alabama. NOy enhancements were only 3 ppbv, and HONO remained below the detection limit.

4. Discussion
4.1. Direct HONO Emissions

HONO was enhanced in many plumes from power plants and agricultural fires. HONO emission factors from
fires have been studied in laboratories and the atmosphere, and the results measured here at several

Figure 6. The 10 s averages of HONO versus NOy measured at night on 19 June 2013 (gray circles). The red circles were
measured in a plume transported 60 km from Atlanta, Georgia, and the green squares were measured in plumes from
coal-fired power plants.
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hundred meters above ground level in the PBL are similar to those findings. The high nitrogen content of
biomass and the possibility of secondary formation of HONO on aerosols in fire plumes [Veres et al., 2010b]
resulted in HONO:NOy emitted from flaming combustion that ranged from 2 to 14% and was larger than
HONO:NOy emitted from fossil fuel combustion. Direct emission of HONO was observed from some power
plants, with emitted HONO:NOy that ranged from 0 to 0.4% and was much lower than fire emissions. The
emitted HONO:NOy from power plants were less than or similar to other fossil fuel combustion sources,
including aircraft (HONO:NOy= 0.5–7% [Wood et al., 2008; Lee et al., 2011; Jurkat et al., 2011]) and motor
vehicles (HONO:NOx= 0.3–0.8% [Kirchstetter et al., 1996; Kurtenbach et al., 2001]). We do not know why
HONO emissions from power plants were variable and often less than from other combustion sources.

4.2. Daytime HONO Formation in Power Plant Plumes

HONO production and loss processes are examined by comparing the daytimemeasurements in power plant
plumes with a Lagrangian plume dispersion model [Sillman, 2000; Wert et al., 2003]. For example, Figure 7
shows 1 s measurements and model results for the closest plume transect from the Harllee Branch power
plant, described in section 3.4. The wind speed was 4m s�1, and the plume was sampled about 0.5 h after
emission. More than 200 pptv HONO was formed at the plume center, ozone was titrated from 45ppbv to
10 ppbv, and 1.3 ppbv of HNO3 was produced. The observed HONO:NOy in the plume illustrated in
Figure 7 was 0.2%. For the plume modeling, hourly NOx emissions were obtained from continuous emissions
monitoring systems in the plant stacks. Direct HONO emissions were not included, since the plumes were

Figure 7. (a) Measured and modeled daytime HONO 8 km downwind from the Harllee Branch power plant at 0.6 km agl on
16 June 2013. (b) The same as Figure 7a but for HNO3. (c) The 1 s measurements of NO (black), NO2 (green), and modeled
OH in the same plume.
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measured several HONO photolysis lifetimes downwind. HONO photolysis rates and OH were modeled, and
the sole HONO production source was from gas phase reaction of OH and NO. This internal HONO source that
consumes OH and NO is sufficient to account for the concentrations measured here. The model predicts
150 pptv HONO in the central 6 km of the plume, consistent with the measured 130± 50 pptv. HONO forma-
tion was accompanied by HNO3 production in power plant plumes, since both HONO and HNO3 are products
of OH reactions with NOx. The model also quantitatively accounts for the observed increases in HNO3 that
correlated with HONO in plumes where OH-initiated photochemistry produced HONO.

A summary of daytime HONO and NOy measurements in power plant plumes is shown as a function of dis-
tance from the source in Figure 8. Only concentrated plumes with large CO2 and NOy enhancements above
background are included, as in the analysis of the nighttime power plant plumes. Forty-seven distinct cross-
wind plume transects from 22 power plants on 13 days are shown. HONO:NOy in these plumes is consistent
with gas phase production by OH+NO and loss by photolysis. Although plume modeling was performed
only for several plumes, HONO formation can be simply estimated for all of the plumes using an 11min
photolysis lifetime for HONO [Stockwell and Calvert, 1978] for these midday measurements, an OH+NO rate
constant of 7 × 10�10 cm3 s�1 at ambient pressure and temperature [Sander et al., 2006], and an estimated OH
of 3 × 106 cm�3 determined from the plume modeling. The HONO to NO ratio in photostationary state (PSS)
[e.g., Lee et al., 2013] using these estimates is approximately 2%. NOx was the majority of NOy in the plumes
analyzed here, and HONO:NOy can be estimated using the NOy partitioning. With typical 60 ppbv O3 levels in
these plumes and NO2 photolysis rates of 0.01 s

�1, NO/NO2 = 0.4 and NO:NOy≈ 0.3. Combining this with the
HONO:NO from PSS gives HONO:NOy≈ 0.6% during the day in plumes with NOx≈NOy. Plumes sampled
closest to the sources were transported for tens of minutes and may not be described by a steady state
approximation [Lee et al., 2013]. Plumes sampled less than 20 km downwind had smaller HONO:NOy (0.2
± 0.3%), because HONO likely had not yet reached steady state. Plumes sampled greater than 20 km down-
wind (~1 h with 5m s�1 wind speeds) had an average HONO:NOy= 0.5 ± 0.3%, consistent with the PSS esti-
mation of 0.6%. HONO production by gas phase reaction of OH and NO and loss by photolysis describes
the observed daytime HONO formation in power plant plumes. Additional HONO production from other
formation processes are not required to explain the observations, and these results indicate that such
mechanisms make no more than relatively minor contributions to HONO production in power plant plumes.

4.3. Daytime HONO in Background Air

HONOmixing ratios measured several hundred meters above ground level were indistinguishable from zero,
except for plumes sampled in close proximity to known combustion sources. For example, a probability
distribution for all 1 s HONO measurements (>18,000) from the daytime flight on 16 June 2013 is shown in

Figure 8. HONO:NOy in concentrated power plant plumes sampled during the day.
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Figure 9. The observations are fit with a normal distribution of the functional form e� x�x0ð Þ2
2σ2 , centered about

x0 =�4 pptv HONO and with a width σ =38 pptv. The width of this distribution is consistent with the 40 pptv
measurement uncertainty for 1 s data, determined from a 25 pptv measurement imprecision and a 30 pptv
uncertainty from instrument background variability. Averaging the 1 s data reduces HONO measurement
uncertainty. The frequency distribution for 1min HONO averages from 14 daytime flights is fit by a normal
distribution with a 16 pptv width (Figure 9). The median HONO mixing ratio for each of the 14 daytime
flights ranged from �15 pptv to 10 pptv. This spread in median values was caused by background variability
and inaccuracy that imposes a 15 pptv uncertainty on the HONO measurements and limits the effectiveness
of averaging.

The average daytime HONO mixing ratios observed here are consistent with the levels expected from gas
phase production and an 11min photolysis lifetime [Stockwell and Calvert, 1978] during these summer mid-
day measurements. Outside of concentrated plumes very close (tens of kilometers) to strong NOx emission
sources, PSS calculation gives HONO≅ 1 pptv during these summer daytime flights. These measurements
show that a widespread unknown source or other in situ HONO sources, such as the reaction of NO2 on
humid surfaces [Stutz et al., 2004], did not increase HONO to levels greater than approximately 15 pptv
throughout the PBL.

4.4. Atmospheric Implications

Daytime HONO mixing ratios measured outside of fresh combustion plumes were smaller than in many
previous reports. Differences may be attributed partially to the time and altitude of these aircraft measure-
ments that do not necessarily reveal ground-level HONO mixing ratios. Even in a well-mixed boundary layer,
HONOmixing ratios may change dramatically with height above the ground [Young et al., 2012], since HONO
photolysis lifetimes can be less than boundary layer mixing times. The largest HONO mixing ratios typically
have been observed at ground level in polluted urban areas at night, and many studies have shown decreas-
ing HONOmixing ratios with altitude in the lowest few hundred meters of the troposphere [Kleffmann, 2007;
Young et al., 2012; VandenBoer et al., 2013]. Most daytime sampling here was performed between 0.5 and
0.6 kmagl and within the PBL, and the aircraft descended below 0.4 kmagl on only a few occasions. The
aircraft did not sample air masses where the largest HONO mixing ratios have been observed, since no
flights were conducted within several hours of sunrise and the aircraft usually stayed several hundred meters
above the ground. Although differing sampling environments may account for some disparity between
these results and previous reports, the daytime HONO mixing ratios reported here are much less than the

Figure 9. Frequency distribution of 1 s HONO observations on 16 June 2013 over Georgia and Tennessee from 11:16 A.M.
to 5:49 P.M. EDT, shown for 10 pptv HONO intervals (red symbols). The black symbols are the frequency distribution for
1min HONO averages from 14 daytime flights. The measurements have been fit with normal distributions with widths of
38 pptv (red line) and 16 pptv (black line).
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tens to hundreds of pptv that have been reported several hundred meters above ground level from other
daytime tropospheric measurements [Zhang et al., 2009; Häseler et al., 2009; Zhou et al., 2011; Wong et al.,
2012; Li et al., 2014].

After sunset, HONO photolysis ceases, and conversion of NO2 to HONO at the surface can cause HONO to
build up at night to reach a maximum in the evening or just before sunrise. In the Atlanta plume measured
from the WP-3D aircraft at night, HONO:NOy was 0.9% and similar to reported emission ratios from cars. This
lack of substantial nighttime HONO buildupmeasured from the aircraft may be a consequence of sampling in
residual layers that were decoupled from ground-level sources of HONO, such as conversion of NO2 to HONO
on surfaces in shallow confined layers. Consequently, urban plumes sampled at night in the residual layer
may not experience a HONO buildup as they do at the surface.

In plumes from urban and industrial combustion sources measured from aircraft, HONO enhancements were
explained entirely by direct emissions and gas phase photochemical formation. The HONO formation in
power plant plumes reported here is an internal source of HONO that consumes OH and NO and does not
alter HOx or NOx budgets. Outside of these plumes, HONO mixing ratios were below the detection limit
and indistinguishable from zero. Known HONO sources adequately account for all of these observations,
and no evidence was found for unknown sources. These findings that examine HONO distributions above
ground level further support work that showed ground-based HONO measurements overestimated the
impact of HONO on radical budgets for the entire boundary layer [Young et al., 2012].
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